Two new copper(II) complexes, [Cu 2 (3-bpfp)(2,6-PDA) 2 (H 2 O) 2 ] (1) and 0.5 (glu)]·H 2 O (2), have been hydrothermally synthesized by self-assembly of isomeric bis(pyridylformyl)piperazine ligands [3-bpfp = bis(3-pyridylformyl)piperazine, 4-bpfp = bis(4-pyridylformyl)piperazine], rigid pyridine-2,6-dicarboxylic acid (2,6-H 2 PDA) or flexible glutaric acid (H 2 glu), and copper(II) chloride. Single-crystal X-ray diffraction analysis reveals that two adjacent Cu II ions are connected by the 3-bpfp ligand to build a dinuclear unit in complex 1, in which 2,6-PDA serves as a terminal chelating ligand. Adjacent dinuclear units are further linked by hydrogen bonding and π-π stacking interactions to form a three-dimensional (3D) supramolecular network. Complex 2 is a 3D coordination polymeric framework based on a layer polymer [Cu(glu)] n and bridging 4-bpfp ligands with 6-connected (4 4 .6 10 .8) topology. In 1 and 2, the ligands 3-bpfp and 4-bpfp adopt a µ 2 -bridging coordination mode (via ligation of pyridyl nitrogen atoms). The thermal stability and the electrochemical properties of the title complexes have been studied.
Introduction
The rational assembly of high-dimensional coordination complexes or supramolecular architectures based on metal ions (or metal clusters) and organic ligands has attracted much attention in crystal engineering in recent years [1 -4] . Generally, high-dimensional supramolecular networks can be obtained by connecting polynuclear discrete subunits or low-dimensional entities via non-covalent interactions such as hydrogen bonding and π-π stacking [5 -7] . In this case, the proper selection of organic ligands might be the key step to obtain the expected complexes. Rigid aromatic dicarboxylates as O-donor ligands [such as 1,2-benzenedicarboxylic, 1,3-benzenedicarboxylic and pyridine-2,6-dicarboxylic acid (2,6-H 2 PDA)], have been extensively employed to construct coordination frameworks that exhibit diverse structures with potential applications as functional materials [8 -11] . Compared with aromatic dicarboxylic acids, flexible aliphatic dicarboxylic acids (such as succinic acid, glutaric acid(H 2 glu), hexane dicarboxylic acid) have received less attention. These ligands may lead to intriguing structural motifs due to their ability to adopt numerous energetically similar conformations [12 -15] .
The structural complexity in metal-dicarboxylate frameworks can been enhanced through the introduction of neutral N-donor ligands such as bispyridyls, which can connect metal ions through their nitrogen atoms into novel structures with interesting physicochemical properties [16 -19] . Recently, our group has reported a series of metal-organic coordination polymers constructed from aromatic polycarboxylic acids and various bispyridyl-type ligands [20 -24] . Using two isomeric bis(pyridylformyl)piperazine ligands [3-bpfp = bis(3-pyridylformyl)piperazine), 4-bpfp = bis(4-pyridylformyl)piperazine)] and aromatic polycarboxylate ligands, a novel 3,5-connected binodal three-dimensional framework [Cu (3- [25] .
We have tried to extend our previous work by employing bis(3-pyridylformyl)piperazine (3-bpfp) and bis(4-pyridylformyl)piperazine (4-bpfp) as neutral N-donor ligands, following the limited studies of coordination polymers based on these two ligands [26 -31] . Two new copper complexes, [Cu 2 (3-bpfp)(2,6-PDA) 2 
Results and Discussion
Crystal and molecular structure of [Cu 2 (3-bpfp) (2, 2 
The single-crystal X-ray diffraction study has revealed that compound 1 is a 3D supramolecular network based on binuclear copper units composed of Fig. 1 (color online) . The coordination environment of the Cu atoms in complex 1 (displacement ellipsoids at the 50 % probability level). All H atoms and water molecules are omitted for clarity. 3-bpfp and 2,6-PDA ligands. The coordination environment of the Cu atoms is shown in Fig. 1 . The Cu atom is penta-coordinated by two oxygen atoms belonging to two carboxyl groups from one 2,6-PDA ligand (Cu1-O2 2.0324(18), Cu1-O5 2.0392(18)Å), one nitrogen atom from a bridging 3-bpfp ligand with a bond length of 1.9773(19)Å (Cu1-N1), one nitrogen atom from one 2,6-PDA ligand with a bond length of 1.9071(19)Å (Cu1-N2), and one oxygen atom O1W from a coordinated water molecule (Cu1-O1W = 2.224(2)Å), showing a distorted tetragonal pyramidal geometry.
2,6-PDA coordinates to one Cu atom with a nitrogen atom and two oxygen atoms from two carboxyl groups simultaneously, serving as a terminal ligand. Two adjacent Cu atoms are connected by the 3-bpfp ligand in the µ 2 -bridging coordination mode to give a dinuclear structure, in which the two pyridyl rings of 3-bpfp are parallel and the non-bonding distance Cu· · ·Cu is 13.21Å.
Adjacent binuclear units are connected by O-H· · ·O hydrogen bonding interactions to form a supramolecular layer, as shown in Fig. 2 . The hydrogen bonds are formed between the carboxyl oxygen atoms (O1, O4) of 2,6-PDA and the oxygen atom (O1W) of the co- ordinated water molecule (O1· · ·O1W = 2.808(3)Å). Adjacent layers are ultimately extended into a threedimensional supramolecular network by weak C-H· · ·O hydrogen bonds and π-π stacking interactions. The hydrogen bonds are formed between the carbon atom C14 of the pyridine ring of 3-bpfp and a carbonyl oxygen atom (O3) of 3-bpfp (C14· · ·O3 = 2.716(3)Å). The π-π stacking interactions occur between pyridine rings of 3-bpfp ligands with face-to-face distances of ca. 3.61Å (Fig. 3 ).
Crystal and molecular structure of [Cu(4-bpfp) 0.5 (glu)]·H 2 O (2)
The crystal and molecular structure of 2 has also been determined by single-crystal X-ray diffraction.
Complex 2 is a 3D coordination polymer based on [Cu(glu)] n layers and bridging 4-bpfp ligands. The coordination environment of the Cu atom is shown in Fig. 4 . Each Cu atom is five-coordinated by four carboxylic oxygen atoms from four glu ligands with Cu-O bond lengths ranging from 1.961(2) to 1.980(2)Å, and a pyridyl nitrogen atom of a 4-bpfp ligand with a Cu-N bond length of 2.163(3)Å. The two neighboring Cu atoms are connected by four carboxylic groups from four glu to form a dinuclear unit [Cu 2 (-COO) 4 ]. Each glu adopts the bis(bidentate) coordination mode to link two dinuclear units, and each dinuclear unit is linked by four glu bridges to form a [Cu(glu)] n layer, as shown in Fig. 5a . In the layer, the non-bonding distances are 2.63Å for Cu1#4· · ·Cu1#5, 7.77Å for Cu1#4· · ·Cu1#6, 8.91Å for Cu1#4· · ·Cu1#7, 6.88Å for Cu1#5· · ·Cu1#6, and 8.62Å for Cu1#5· · ·Cu1#7 (symmetry codes: #4 −x, 0.5 + y, 0.5 − z; #5 −1 + x, 0.5 − y, −1.5 + z; #6 −1 + x, y, −1 + z; #7 −x, −y, 1 − z). The average distance of the adjacent dinuclear units is 7.87Å.
For a presentation of the connectivities in the solidstate structure of 2 the dinuclear units are taken as nodes and the glu ligands as linear linkers. The [Cu(glu)] n layer can thus be described as a 4-connected rhombic mesh (8.59 × 13.19Å) network with (4 4 .6 2 ) topology (Fig. 5b) . These layers are further connected by µ 2 -bridging 4-bpfp ligands, resulting in the formation of a 3D coordination polymer network (Fig. 6a) with the non-bonding distance of dinuclear units of neighboring layers at 18.99Å. Thus, each dinuclear unit is surrounded by six organic ligands (four glu and two 4-bpfp ligands) and can simply be regarded as a 6-connected node. Both glu and 4-bpfp serve as linear linkers to connect two adjacent dinuclear units. Considering the dinuclear units as nodes and keeping the glu and 4-bpfp ligands as linkers, the overall 3D coordination polymer is best described as a unique 6-connected network with (4 4 .6 10 .8) topology (Fig. 6b) .
Thermal properties of complexes 1 and 2
The thermogravimetric (TG) analyses of the title complexes were conducted under N 2 atmosphere with a heating rate of 10 • C min −1 in the temperature range of 50 -620 • C (Fig. 7) . For complexes 1 and 2, the TG curves exhibit two weight loss steps. The first one can be ascribed to the loss of water molecules: 5. 
Electrochemical behavior of 1-CPE and 2-CPE
As potential electrochemical and electrocatalytic materials, copper(II) complexes have the ability to undergo a reversible one-electron redox process [32, 33] . To study the redox properties of the title copper(II) complexes, carbon paste electrode bulk-modified with complexes 1 and 2 (1-CPE and 2-CPE) were fabricated as working electrodes. The electrochemical behavior of 1-CPE and 2-CPE was studied in 0.1 M H 2 SO 4 aqueous solution. As shown in Fig. 8 , the cyclic voltammograms exhibit a quasi-reversible redox peak attributed to the redox couple of Cu II /Cu I in the poten- tial range of 240 to −300 mV or 400 to −380 mV [32] . The mean peak potential E 1/2 = (E pa + E pc )/2 was −45 mV for 1-CPE, and −5 mV for 2-CPE. The difference of the peak potentials is caused by the different structures of the two copper(II) complexes.
1-CPE was used as an example, and the effect of scan rates on the electrochemical behavior in the potential range of +240 to −300 mV in 0.1 M H 2 SO 4 aqueous solution was investigated (Fig. 9) . With the scan rates increasing from 20 to 450 mV s −1 , the cathodic peak potentials shifted in the negative direction, while the corresponding anodic peak potentials shifted in the positive direction. The plots of peak currents versus scan rates are shown in the inset of Fig. 9 . The anodic and the cathodic currents were proportional to the scan rates, which indicates that the redox process for 1-CPE is surface-confined.
Conclusion
In summary, two new copper(II) complexes constructed with the bis-pyridyl-bis-amide ligands 3-bpfp and 4-bpfp and two different dicarboxylate ligands (rigid 2,6-H 2 PDA or flexible H 2 glu), [Cu 2 (3-bpfp)(2,6-PDA) 2 (H 2 O) 2 ] (1) and [Cu(4-bpfp) 0.5 (glu)]·H 2 O (2), have been hydrothermally synthesized. In the two complexes, both 3-bpfp and 4-bpfp serve as bridging ligands and adopt the same µ 2 -bridging coordination mode. The different coordination modes of the organic dicarboxylate ligands (2,6-H 2 PDA and H 2 glu) play an important role in governing the coordination motifs and the final structures. The title complexes show well-defined redox properties. The preliminary results presented in this work suggest that the title complexes may be potential candidates for electrochemical materials.
Experimental Section

Materials and methods
Ligands 3-bpfp and 4-bpfp were synthesized by the literature method [34] . All other reagents employed were commercially available and used as received without further purification. Thermogravimetric analyses were performed with a Pyris Diamond TG-DTA instrument. FT-IR spectra (KBr pellets) were taken on a Magna FT-IR 560 spectrometer, and the elemental analyses (C, H, and N) were obtained from on a Perkin-Elmer 2400 CHN elemental analyzer. The electrochemical experiments were carried out with a CHI 440 electrochemical quartz crystal microbalance. A conventional three-electrode cell was used at room temperature. An SCE and a platinum wire were used as reference and auxiliary electrodes, respectively. The bulk modified CPEs (1-CPE and 2-CPE) were fabricated following literature methods and taken as working electrodes [32] . (3-bpfp) (2, 2 
Synthesis of [Cu 2
X-Ray crystallographic study
Crystallographic data for complexes 1 and 2 were collected on a Bruker APEX area-detector diffractometer with (4) 136 (4) a Symmetry codes: #2 −x, −y, 1 − z; #3 −x, −y, −z; #4 1 + x, −1 + y, 1 + z. MoK α radiation (λ = 0.71069Å) in ω scan mode. The structures were solved by Direct Methods using the SHELXS program of the SHELXTL package and refined by fullmatrix least-squares methods with SHELXL [35 -37] . All non-hydrogen atoms were refined anisotropically. The hydrogen atoms of the ligands were generated geometrically and refined isotropically with fixed displacement parameters. For 2, the hydrogen atoms of the water molecules could not be located. A summary of crystal data and structure refinements for the two complexes are provided in Table 1. Selected bond lengths and angles are listed in Table 2 . The related hydrogen bonding geometries of 1 are given in Table 3 .
CCDC 884245 (1) and 884246 (2) contain the supplementary crystallographic data for the paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
